We investigated the level of expression of neuronal nitric oxide synthase (nNOS) in the retinorecipient layers of the rat superior colliculus during early postnatal development. Male and female Lister rats ranging in age between the day of birth (P0) and the fourth postnatal week were used in the present study. Two biochemical methods were used, i.e., in vitro measurement of NOS specific activity by the conversion of [ 3 H]-arginine to [ 3 H]-citrulline, and analysis of Western blotting immunoreactive bands from superior colliculus homogenates. As revealed by Western blotting, very weak immunoreactive bands were observed as early as P0-2, and their intensity increased progressively at least until P21. The analysis of specific activity of NOS showed similar results. There was a progressive increase in enzymatic activity until near the end of the second postnatal week, and a nonsignificant tendency to an increase until the end of the third week was also observed. Thus, these results indicated an increase in the amount of nNOS during the first weeks after birth. Our results confirm and extend previous reports using histochemistry for NADPH-diaphorase and immunocytochemistry for nNOS, which showed a progressive increase in the number of stained cells in the superficial layers during the first two postnatal weeks, reaching an adult pattern at the end of the third week. Furthermore, our results suggested that nNOS is present in an active form in the rat superior colliculus during the period of refinement of the retinocollicular pathway.
Introduction
Nitric oxide (NO) is a membrane-permeable gas that was first identified as endothelium-derived relaxing factor (1) . However, it is also synthesized in the nervous system and functions as an important intercellular messenger in neurotransmission, excitotoxicity, plasticity, and control of cerebral blood flow (2) (3) (4) . The enzyme responsible for NO synthesis -nitric oxide synthase (NOS) -catalyzes the conversion of one molecule of Larginine to one molecule of L-citrulline, with the release of one NO molecule (2, 5) . Three NOS isoforms have been described and shown to be products of three distinct genes: neuronal NOS (nNOS, type I), inducible NOS (type II) and endothelial NOS (eNOS, type III) (2, 6) . In the vertebrate central nervous system, nNOS is highly expressed in many regions (7) (8) (9) (10) (11) (12) . nNOS was first described as a constitutively expressed protein; however, recent studies have shown that nNOS expression levels change in response to a variety of physiological and pathological stimuli (13) .
The study of NOS expression during the development of the retinotectal pathway is relevant in view of some evidence indicating a role for NO in the formation of the topographic map in this system. For example, in chickens, the elimination of the ipsilateral retinotectal projections is partially dependent on the NO synthesized in the tectum opticum (14) . Furthermore, several studies on rodents have suggested that NO might be involved in the topographic establishment of the ipsilateral retinotectal projections (15) (16) (17) (18) .
The presence of NOS-positive cells in the retinorecipient superficial layers of the superior colliculus has been reported in several mammalian species (19) (20) (21) (22) (23) (24) (25) . In the rat, a subpopulation of all the different cell types described in the superficial layers of the superior colliculus by the Golgi technique (26) expresses nNOS (21, 27, 28) . Previous studies have also shown that the first NOSpositive cells in these layers appear by the end of the first postnatal week (between the fifth and the seventh postnatal day). Their numbers increase over the following days, reaching an adult pattern of NOS expression at the end of the third week (19, 20) .
All of these previous studies dealt with qualitative aspects of the expression of nNOS in the superior colliculus. In the present study, we have investigated nNOS expression and activity during the postnatal development of the superficial layers of the rat superior colliculus by means of quantitative biochemical analysis and Western blotting.
Material and Methods

Animals
We used male and female Lister rats ranging in age between the day of birth (P0) and the fourth postnatal week. The animals were housed in our colony in a room with controlled temperature and maintained on a 12:12-h light/dark cycle with food and water available ad libitum. All experimental protocols were approved by the Committee for the Use of Experimental Animals of our institution and followed NIH guidelines. . The ion-exchange resin DOWEX AG50W-X8 (Na + form) was obtained from Bio-Rad (Hercules, CA, USA). The enhanced chemiluminescence Western blotting system was obtained from Amersham Pharmacia Biotech (São Paulo, SP, Brazil), including a secondary antibody conjugated with horseradish peroxidase (HRP). All other reagents and chemicals were purchased from Sigma (St. Louis, MO, USA).
Antibodies
Two anti-nNOS antibodies were used: a monoclonal (mouse) anti-nNOS (Sigma), which was prepared against a fragment (amino acids 1-181) of the N-terminal region of nNOS from the rat brain (29); a polyclonal (rabbit) anti-nNOS (Transduction Laboratories, Lexington, KY, USA), which was prepared against the C-terminal region of nNOS (amino acids 1095-1289). The monoclonal antibody recognizes only the nNOSα isoform and the polyclonal antibody recognizes the α, ß and γ isoforms.
Tissue preparation for biochemical analysis
Animals ranging from P0 to P23 were decapitated under deep anesthesia with sodium pentobarbital (50 mg/kg, ip) and the brains were removed from the skull. The upper layers of the superior colliculus were carefully dissected and washed with cold 0.9% NaCl. They were then weighed and homogenized at 4 o C in five volumes (w/v) of 50 mM Tris buffer, pH 7.0, containing 320 mM sucrose, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM dithiothreitol (DTT), 10 µg/ml leupeptin, 10 µg/ml soybean trypsin inhibitor, and 2 µg/ml aprotinin. For both the enzymatic activity measurements and the electrophoretic procedure, each homogenate consisted of the tissue dissected from a single animal, corresponding to an experimental sample. The homogenates were then centrifuged at 10,000 g for 20 min at 4 o C to mainly remove the blood vessels and nuclear material. Only the supernatants were used in the assays.
NOS activity
NOS activity was determined by measuring the formation of L-citrulline from Larginine (30) . Briefly, 10-20 µl of each sample was added to Eppendorf microtubes with 50 µl of 50 mM potassium phosphate buffer, pH 7.2, containing 1.2 mM MCl 2 , 0.25 mM CaCl 2 , 60 mM L-valine, 1.2 mM L-citrulline, 25 µM L-arginine, 1 mM DTT, 4 µM flavin adenine dinucleotide, 4 µM flavin mononucleotide, 120 µM NADPH, and [ 3 H]-L-arginine (1 mCi/ml, 59 Ci/mmol). After incubation for 30-45 min at 25 o C, the reaction was stopped by the addition of 500 µl Dowex resin AG-50WX8 (200-800, Na + form) (1:1 in water). The microtubes were then centrifuged at 2,000 g for 5 min to pellet the resin and an aliquot of the supernatants was removed to measure the emission of ß radiation from [ 3 H]-L-citrulline by liquidscintillation counting. A 10-20-µl aliquot of the same sample was added to microtubes containing 1 mM EGTA (to detect the Ca 2+ -independent NOS activity) or 1 mM EGTA plus 1 mM N ω -nitro-L-arginine (to provide a negative control for counting). These preparations were used to obtain the blank values and no difference between the two blank microtubes was found. The final counting value of each sample was the number of counts less the counts of the blank microtube. Each sample and its respective blank were prepared in duplicate, and the mean was used for the calculations. The protein concentration of the samples was determined by the technique of Bradford (31) and the enzymatic activity was reported as picomol of citrulline per mg of total protein per min for each sample.
Data were analyzed statistically by ANOVA and by the Tukey multiple comparison post-test.
Electrophoresis (SDS-PAGE) and Western blotting
An aliquot containing 30 µg protein (for immunoblotting using the monoclonal antibody) or 65 µg protein (for immunoblotting using the polyclonal antibody) from each sample was mixed with electrophoresis sample buffer containing 50 mM Tris-HCl, 2% (w/v) sodium dodecyl sulphate (SDS), 5% (v/v) ß-mercaptoethanol, pH 6.8, and 10% glycerol (v/v). Samples were boiled for 5 min prior to loading onto 10% SDSpolyacrylamide gel for electrophoresis using the Mini-Protean 3 electrophoresis module (BioRad). After separation on the gel, the proteins were transferred to a nitrocellulose membrane (0.45-µm pore) and submitted to the following sequential incubations: 5% milk in 10 mM phosphate-buffered saline (PBS) for 1 h, monoclonal (1:2000) or polyclonal (1:1000) anti-nNOS antibodies diluted in the previous solution overnight followed by the secondary antibody (goat anti-mouse or goat anti-rabbit) conjugated to HRP and diluted 1:5000 in 10 mM PBS and 0.1% nonidet P-40 for 2 h. After several additional washes in PBS, immunoreactive bands were visualized on a film impregnated with an enhanced chemiluminescence kit.
Histochemistry and immunohistochemistry
Animals were anesthetized with an overdose of sodium pentobarbital (50 mg/kg, ip) and perfused intracardially with cold 0.9% NaCl followed by 4% paraformaldehyde (PF) or 2% glutaraldehyde (GLUT) + 0.5% PF in 100 mM phosphate buffer, pH 7.4 (29) . Brains were removed and immersed in 100 mM phosphate buffer containing 20% sucrose for 24 h at 4 o C. After this period, the midbrain was cut into 30-60-µm sections at -20°C with a CM 1850 cryostat (Leica Instruments GmbH, Heidelberg, BadenWurttemberg, Germany). For NADPH-diaphorase (NADPH-d) histochemistry, the brain sections from animals perfused with one or the other fixative solution were washed twice in 50 mM Tris-HCl buffer, pH 7.4, and reacted as free-floating sections at 37 o C for at least 1 h. The reaction solution contained 1 mM ß-NADPH (reduced form), 0.5 mM nitroblue tetrazolium dissolved in dimethylsulfoxide (DMSO, at a final concentration of 1:1000 DMSO:buffer, v/v) and 1% Triton X-100 in 50 mM Tris-HCl buffer, pH 7.4. As a control, some sections were incubated without ß-NADPH, with no staining being observed.
For immunohistochemistry, brain sections from animals perfused with 4% PF were washed twice in PBS (100 mM phosphate buffer, pH 7.4, and 0.9% sodium chloride) and then preincubated as free-floating sections in PBS + 0.3% Triton X-100 with 10% normal goat serum for 60 min at room temperature. They were then incubated in the same solution supplemented with the monoclonal anti-nNOS antibody (1:400) for 24 h. Bound primary antibody was visualized by means of a Cy3-conjugated goat anti-mouse antibody (Jackson; 1:1000) incubated for 2 h. Control sections prepared without incubation with the primary antibody did not show any staining.
Sections reacted for NADPH-d were examined under light field illumination and those reacted for immunohistochemistry were analyzed under fluorescent illumination, using a Zeiss microscope in both cases. Images were obtained with an AxioCam digital camera connected to the microscope and the Zeiss Axiovision 3.0 software.
Results
We used the immunoblot and enzyme activity to demonstrate the presence of nNOS in the tissue homogenate obtained from the developing rat superior colliculus to complete the histochemical data (19, 20) . There was a progressive increase in the amount of the enzyme during the first three weeks after birth. Figure 1A shows a representative immunoblotting using a specific monoclonal antibody to the nNOSα isoform (estimated molecular mass: 160 kDa). A very weak immunoreactive band was observed as early as P0-2, with its intensity increasing progressively at least until P21, the last age studied in the present investigation. Interestingly, when using a polyclonal antibody that recognizes all the isoforms of nNOS, a second band was observed in addition to the nNOSα isoform band. This second band was slightly lighter than the first and corresponded to the nNOSß isoform with a molecular mass near 135 kDa ( Figure 1B) (32) . Although the intensity of this second band varied, it seemed to increases progressively, as observed for the nNOSα isoform band ( Figure 1B) . These results indicate that both isoforms follow the same pattern of expression during development of the superior colliculus.
In addition to the identification of the presence of nNOS during postnatal development, it was important to determine whether the increase in the amount of protein actually corresponded to an increase in catalytic activity. In order to confirm its identification and determine the specific activity of nNOS during this period we used a radioenzymatic assay to measure the conversion of L-arginine to L-citrulline in the superior colliculus homogenates. Figure 1C shows the enzy-matic activity of nNOS from the first postnatal days (P0-2) to the third week after birth (P20-23). There was a progressive increase in enzymatic activity until near the end of the second postnatal week, followed by a nonsignificant tendency to an increase until the end of the third week ( Figure 1C) . Thus, the results of both the immunoblotting and the catalytic activity measurements indicated an increase in the amount of the nNOS during the first weeks after birth. However, the level of activity seemed to reach a peak first, despite a subsequent increase in the protein level ( Figure 1A) . Part of the enzymatic ac- Figure 1 . Demonstration of neuronal nitric oxide synthase (nNOS) in rat superior colliculus homogenates by immunoblot and enzymatic activity. A, Western blot analysis of nNOS in extracts from the upper layers of the rat superior colliculus obtained at postnatal (P) ages (in days) P1, P5, P9, P15 and P21. Equal amounts of protein were loaded onto each well. The bands which were immunoreactive with monoclonal anti-nNOSα were visualized with a secondary antibody conjugated with horseradish peroxidase. Note a gradual increase in the expression of nNOSα (~160 kDa) over the first postnatal weeks. The illustrated film is representative of two independent experiments, each using different animals. B, Western blot analysis of nNOS in extracts from the upper layers of the rat superior colliculus obtained at P1, P7 and during adulthood using a second anti-nNOS antibody that recognizes all nNOS isoforms. In addition to the nNOSα band, note a second band which corresponds to nNOSß (~135 kDa). Despite the variability in the intensity of this second band, as illustrated in the lines obtained from the two different adults (AD and AD (2) ) used in this representative experiment, nNOSß expression also seemed to increase during postnatal development. The film presented is representative of two independent experiments, each using different animals. Neuron-specific enolase (NSE, ~47 kDa) was used as a "housekeeping" protein to control loading and, as expected, no difference in protein levels was observed. C, NOS activity in extracts from the upper layers of rat superior colliculus, reported as pmol citrulline/mg protein -1 min -1 . The enzymatic activity increased from the beginning of the first postnatal week (P0-2) to the end of the third postnatal week (P20-23), in agreement with the immunoblot results. Maximum NOS activity was reached in the course of the third postnatal week. Each bar represents the mean ± SEM of enzyme activity for each group: P0-2 (N = 6), P5-8 (N = 10), P10-12 (N = 5), P14-16 (N = 7), and P20-23 (N = 6). ANOVA revealed a significant difference between all groups (P < 0.001). Tukey's multiple comparisons post-test revealed a significant difference between P0-2 and P10-12 (*P < 0.05), P0-2 and P14-16 (**P < 0.01), P0-2 and P20-23 (**P < 0.01), P5-8 and P14-16 (*P < 0.05), and P5-8 and P20-23 (*P < 0.05). tivity could be due to the endothelial eNOS although most of the blood vessels were removed during the centrifugation procedure. Thus, we checked the possibility that some neurons could express eNOs since the expression of this isoform by neurons has been already described in other regions of the central nervous system (29) . eNOS immunohistochemistry revealed no significant staining at P5, indicating that this isoform does not contribute to the catalytic activity of the NOS observed in the superficial layers of the superior colliculus at this age (data not shown). Previous studies using NADPH-d histochemistry in the rat superior colliculus (19, 20) have reported the appearance of the first NOS-positive cells only at P7. However, with both the immunoblots and radioenzymatic assays we were able to detect the enzyme and its activity as early as P0 although at very low levels. It is possible that the histochemical and immunohistochemical studies were not sensitive enough to detect these low levels of the enzyme. Alternatively, it is possible that in this region nNOS staining might be highly sensitive to the fixation protocols used, as reported for other regions of the central nervous system (29, 33) . We then performed NADPH-d staining using different fixative solutions and nNOS immunohistochemistry. NADPH-d histo- Figure 2 . Neuronal nitric oxide synthase (nNOS) histochemistry and immunohistochemistry in the rat superior colliculus. A, NADPH-d histochemistry at P5 after fixation with 4% paraformaldehyde (PF). No stained cells were observed in the upper layers, but a few labelled cells were found in the stratum griseum intermediale (SGI). B, NADPH-d histochemistry at P5 after fixation with 2% glutaraldehyde (GLUT) + 0.5% PF. Note that this fixation procedure increased the sensitivity of the NADPH-d reaction, with some stained cells (arrow) now being observed at this age, earlier than with 4% PF. C, nNOS immunohistochemistry at P5. As observed with NADPH-d with GLUT + PF, this technique revealed more stained cells than histochemistry with PF only. The arrows indicate rare stained cells observed in the upper layers of the superior colliculus. D, nNOS immunohistochemistry in adult animals. Note that the number of stained cells increased dramatically at this age when compared with that found at P5. These results agree with the measurement of the total amount of nNOS protein during the postnatal development of the upper layers of the superior colliculus. In all micrographs, broken lines represent an approximated boundary between the indicated layers, and the pial surface, when not visible, was always located near the upper border of the figure. Upper = stratum opticum (SO) and stratum griseum superficiale (SGS). Calibration bar = 100 µm for all panels. chemistry in animals fixed with 4% PF revealed no stained cells in the upper layers of the superior colliculus at P5 (Figure 2A) , confirming previous results (19, 20) . However, NADPH-d histochemistry in tissue fixed with 2% GLUT + 0.5% PF showed stained cells in these layers at this age, although in very small numbers (Figure 2) . These results were also confirmed by immunohistochemistry ( Figure 2C ) which revealed scattered cells in the superior colliculus at P5. Thus, NADPH-d histochemistry after fixation with GLUT or immunohistochemistry was apparently more sensitive than NADPH-d histochemistry after fixation with 4% PF in detecting the lower levels of nNOS at P5. However, in adulthood the number of stained cells dramatically increased ( Figure 2D ), as also reported previously (19, 21, 27, 28) .
Discussion
We have quantitatively analyzed the expression of nNOS in the superficial layers of the rat superior colliculus during the period of postnatal development. In general, our results agree with previous histochemical studies of the expression of this enzyme (19, 20) which showed a progressive increase in the number of stained cells in the collicular retinorecipient layers of the superior colliculus during the first two postnatal weeks, reaching an adult pattern of expression at the end of the third week. The total amount of nNOS protein assayed by Western analysis, as well as its catalytic activity measured by the conversion of L-arginine to L-citrulline, also followed a similar pattern during the first postnatal weeks, reaching a maximal amount during the third postnatal week, the last period of postnatal development studied here. We cannot exclude a possible decrease in NOS expression after the third week. Cork et al. (23) observed a decrease after the peak of NOS expression during the postnatal development of the mouse superior colliculus by histochemical labeling. Nevertheless, since our biochemical data correlated well with the previous histochemical descriptions for the rat superior colliculus, we would argue that a decrease after the third week is not likely because the previous studies did not show a decrease in NOS staining at this time (19, 20) .
Our results differ from those observed by Campello-Costa et al. (16) . In their study, using a radioenzymatic assay and a histochemical assessment of NADPH-d activity from homogenates of the superficial layers of the superior colliculus, they showed that the maximal level of nNOS expression was at postnatal day 5 and that there was a decrease in the enzymatic activity during the following weeks reaching a significantly lower level in adulthood. At present, we are not able to explain the discrepancy with our results obtained with immunochemistry and enzyme activity which did not show any peak at P5. In addition, from their results (16), we would expect to find a larger number of NADPH-positive cells at P5 in tissue sections and also in immunohistochemical staining. However, using the most sensitive variations of these techniques we did not find a significant number of labeled cells at P5. Actually, at this age only very few cells are labeled and the number and intensity of staining increases progressively, reaching a peak only during the third postnatal week.
We also were able to conclude that there is no significant expression of eNOS by the collicular cells at the end of the first postnatal week since the use of NAPDH-d with GLUT did not show any significant staining at this age. This last possibility was also assessed by immunohistochemistry for eNOS. Similarly, we did not observe any significant staining at P5 (data not shown), confirming that this isoform did not contribute to the low catalytic activity of NOS observed in the superficial layers of the superior colliculus.
Several lines of evidence suggest that NO synthesis occurs downstream from acti-vation of the N-methyl-d-aspartate (NMDA) receptor, and it has been suggested that NO could act as a retrograde messenger in synaptic plasticity, influencing both the refinement and stabilization of co-active afferent terminals and the induction of long-term changes in synaptic potency (2, (34) (35) (36) (37) (38) . Our results showed that during the first two postnatal weeks, the period when the final retinotopic map is established in the rat superior colliculus (39), nNOS is expressed at lower levels than in adulthood. However, the potential amount of NO synthesis by the nNOS present in this period, as assayed indirectly by the levels of enzymatic activity, seems to be sufficient to participate in the formation of this map, since previous studies with NOS inhibitors have shown that the blockage of NO synthesis impairs the refinement of retinocollicular projections (16, 17) .
Long-term changes in retinocollicular transmission might be involved in the refinement of the retinocollicular projection during the postnatal development of the rat superior colliculus (37) . In fact, both long-term depression and long-term potentiation can be induced in the superior colliculus after stimulation of optic tract fibers in an in vitro isolated brainstem preparation during the period of refinement of this pathway (40) . In addition, the cited investigators have shown that in the superior colliculus, as in other structures, long-term potentiation is NMDA receptor-dependent (40) . Since NO synthesis has also been linked to the NMDA receptor activity, it is possible that the role of NO in the retinocollicular refinement might be through a mechanism of long-term synaptic strengthening during postnatal development. A role for NO in the induction of long-term potentiation has been suggested by several investigators (2, 35) , although this hypothesis is still the subject of some controversy (38) . Additional studies are needed to identify the involvement of NO in the induction of longterm potentiation in the superior colliculus, which would shed light on the functional roles of this molecule in collicular physiology.
